Background: Abnormal frontal plane gait mechanics are known risk factors for knee osteoarthritis, but their role in early cartilage degeneration after anterior cruciate ligament reconstruction (ACLR) is not well understood.
Individuals who undergo anterior cruciate ligament reconstruction (ACLR) have an approximately 4-fold greater risk of developing posttraumatic osteoarthritis (PTOA) of the knee when compared with those without anterior cruciate ligament (ACL) injury. 1 Mechanisms underlying the development of early PTOA are not well understood. It is critical to identify potentially modifiable risk factors related to early PTOA after ACLR so that potential interventions to prevent the onset of PTOA can be developed. 8 Altered gait patterns have been thought to contribute to PTOA after an ACLR. 11 A number of studies identified abnormal walking mechanics in individuals with ACLR versus controls and the nonoperated knee. A few studies reported higher knee adduction moment (KAM) and peak knee adduction angle, 4, 11, 16, 26, 42 whereas others reported no difference in KAM 11 or lower KAM in the ACLR knees. 42 High knee adduction angle and moment suggest greater loading over the medial compartment and are related to a greater risk of progression of medial tibiofemoral cartilage damage in people with knee osteoarthritis. 6, 7, 17, 24 Quantitative T 1r and T 2 magnetic resonance imaging (MRI) relaxation times can be used to evaluate cartilage integrity and early osteoarthritis. 2, 19, 25, 30, 41 Specifically, increases in T 1r and T 2 magnetic resonance (MR) relaxation times are indicative of a reduction in proteoglycan content, disruption of collagen matrix, increase in water content, and a deterioration of the mechanical properties of the cartilage. 13, 14 Loss of proteoglycans and collagen disruption occur early in the PTOA disease process. 22 Hence, these MR parameters allow detection of PTOA (as an increase in the cartilage MR relaxation time parameters) in the early postoperative phase after ACLR. However, it is not known if an increase in loading over the medial tibiofemoral compartment over time in people with ACLR is related to progression of medial compartment degeneration. A recent pilot cross-sectional study showed that among 9 individuals who were approximately 1.5 years after surgery, those with high KAM in the ACLR knee had significantly higher medial knee articular cartilage T 1r and T 2 MR relaxation times. 16 However, this study was cross-sectional and included a small sample. Hence, longitudinal studies with larger sample sizes are needed to ascertain if changes in walking mechanics are related to changes in cartilage composition in the early postoperative phase after ACLR. If walking mechanics are related to early PTOA, then strategies to minimize gait abnormalities after ACLR could be designed, including improved surgical techniques and rehabilitation protocols.
The objective of this study was to quantify the longitudinal changes in frontal plane gait mechanics and medial knee cartilage MR relaxation times in patients with ACLR and controls over 12 months and to evaluate the association of frontal plane gait mechanics with medial knee cartilage MR relaxation times preoperatively to 12 months after surgery in patients with ACLR. We hypothesized that (1) there will be an increase in frontal plane medial knee loading and medial knee MR relaxation times over time in the ACLR group and (2) increases in frontal plane medial knee loading will be associated with an increase in medial knee MR relaxation times.
METHODS

Participants
The participants were recruited for a longitudinal observational study from a single site (the sports medicine clinic at our institution). Prospective patients with full-thickness ACL ruptures were referred by experienced fellowshiptrained sports orthopaedic surgeons (.15 years of experience). The inclusion criteria included clinically diagnosed complete ACL rupture confirmed by increased anterior laxity on Lachman testing and diagnostic MRI, willingness to have ACLR, and capability to undergo the standard preand postoperative rehabilitation. Exclusion criteria included history of osteoarthritis, inflammatory arthritis, prior knee injury or surgery, and contraindications to MRI. Patients who required surgical intervention for associated knee ligaments or meniscus repair were excluded from the study. ACLR was performed with standard surgical technique with independent drilling of femoral and tibial tunnels and soft tissue grafts by 1 of 3 board-certified and fellowship-trained orthopaedic surgeons. Physically active control participants without knee injuries or clinical symptoms of osteoarthritis were recruited from the community with frequency matching for age, body mass index, and sex.
All patients who underwent ACLR and met the criteria between July 2011 and April 2014 were invited to participate in the study. Of the 87 patients who were eligible and invited to participate, 33 declined. The remaining 54 patients were recruited into the study. In these analyses, we included data from participants who were available at all time points (N = 37). The ACLR group underwent all testing at baseline (preoperative) and 6 and 12 months after ACLR. The control participants (n = 13) underwent all testing at the same time as baseline and 12 months after ACLR. The mean duration between injury and the MRI was 47 6 22 days. All patients in the ACLR group underwent the same rehabilitation protocol: range of motion and isometric exercises, and bracing during walking for 2 weeks; gradual weightbearing without brace and with crutches, and progressive strengthening, proprioception, and balance training exercises from 2 to 6 weeks; return to daily activities, and progressive strengthening, proprioception, and balance training from 6 to 12 weeks; initiation of running and further strengthening exercises from 12 to 20 weeks; and return to sports at 6 to 8 months. This study was approved by the Committee for Human Research at our institution, and informed consent was obtained from all participants. The study was Health Insurance Portability and Accountability Act compliant.
Motion Analysis
Three-dimensional kinematic data were collected at 250 Hz with a passive 10-camera system (VICON), and kinetic data were collected at 1000 Hz from 2 embedded force platforms (AMTI). Spherical retroreflective markers with 14-mm diameter were placed on bony landmarks of both lower extremities for identification of joint centers, and rigid clusters placed on the lateral surface of the thighs, legs, and heels were used to track segment motions. 33 Data were collected while the study participants walked over ground at a pace of 1.35 m/s. We selected a fixed walking speed to minimize its effects on the biomechanical outcomes among participants and over time. A trial was considered acceptable when there was a clean foot strike on any of the force platforms and the speed was within 65% of the defined speed. Four successful trials were collected from both lower extremities. Kinematic and kinetics were calculated with Visual3D (C-Motion). All net joint moments were expressed as external moments. Variables were calculated for the stance phase when the foot was in contact with the ground: KAM impulse over the stance phase (NÁm 3 s and normalized to body weight and height as %BW 3 Ht 3 s), peak KAM (NÁm and normalized to body weight and height as %BW 3 Ht), and peak knee adduction angle (degrees). KAM impulse was calculated as the integral of the positive portion of the KAM curve over stance. Peak KAM was the first peak of KAM in the first half of stance phase. Peak adduction angle was the maximum adduction angle during stance.
MR Imaging
Imaging was performed with 3.0-T MR scanners (General Electric) and an 8-channel phased-array knee coil (Invivo) with the patient in a supine position. The imaging protocol included the following:
High-resolution 3-dimensional fast spin echo (CUBE) images for evaluation of cartilage, ligament, and meniscus morphology (repetition time, 1500 ms; echo time, 25 ms; echo train length, 32; matrix, 384 3 384; field of view, 16 cm; slice thickness, 1 mm [interpolated into 0.5 mm]) Three-dimensional T 1r /T 2 quantification sequence 21 (repetition time / echo time = 9/3 ms; time of spin lock, 0/10/40/80 ms; spin-lock frequency, 500 Hz; field of view, 14 cm; matrix, 256 3 128; slice thickness, 4 mm; for T 2 : preparation echo time, 0/13.7/27.3/54.7 ms; total acquisition time,~9-10 minutes)
Baseline injured medial femur (MF) and medial tibia (MT) cartilage compartments were segmented on multiple slices semiautomatically in high-resolution CUBE images with the in-house software developed with Matlab (Mathworks) based on edge detection and Bezier splines. 5 The CUBE images and the first echo of T 1r were rigidly registered with the Visualization Toolkit Computation Imaging Science Group registration toolkit. 31 Piecewise rigid registration was applied along T 1r and T 2 echoes to take into account nonrigid movement of the articulation during the scan. Nonrigid registration was developed with the Elastix registration library. 15, 28 All T 1r and T 2 echoes of the contralateral and longitudinal scans were registered to the first T 1r -weighted image of the baseline injured knee to ensure that the same anatomic regions of cartilage were being compared in the analysis. 27 This allows for applying the regions of interest identified on the baseline injury images on all contralateral and follow-up scans. An intensity-based multiresolution pyramidal approach 15 was applied to accomplish the nonrigid registration on the first echo, and the transformation obtained was applied on the later echoes. The longitudinal registration strategy adopted in this study considerably dropped the human intervention, reduced to a simple quality check and local adjusting in case of poor results of the automatic procedure. T 1r and T 2 maps were reconstructed by fitting the T 1r -and T 2 -weighted images pixel by pixel to the following equations 19, 20 with in-house developed software:
ð1Þ
where S is the image signal at a given time point minus the time of spin lock (for T 1r maps) or echo time (for T 2 maps).
The cartilage contours generated from CUBE images after segmentation were overlaid to the registered T 1r and T 2 maps. To reduce artifacts caused by partial volume effects with synovial fluid, pixels with relaxation time .130 ms in T 1r or 100 ms for T 2 maps were removed from the data used for quantification. 36 T 1r and T 2 relaxation times were calculated for the global MF and MT compartments. Additionally, the relaxation times were calculated for weightbearing subregions, as shown in Figure 1 .
During the course of this longitudinal study, the 3.0T HDx Long Bore MRI scanner was replaced with a 3.0T MR750 Wide Bore system. Potential variations in T 1r and T 2 relaxation time values related to different MR systems were assessed by scanning phantoms and study participants. 20, 35 The T 1r and T 2 relaxation time values were adjusted for the scanner based on phantom and human participant calibration data, as detailed previously. 35 
Statistics
Primary analyses were designed to test the stated hypotheses. These analyses included (1) repeated measures analysis of variance (ANOVA) with repeated contrasts (comparing baseline vs 6 months and 6 vs 12 months) for within-group changes in gait and MRI variables for ACLR-injured and uninjured knees and for within-group changes in the control group from baseline to 12 months; (2) correlations between the change in gait and MRI variables from baseline to 6 months and from 6 to 12 months for ACLR-injured knees; and (3) multivariate ANOVA comparing the change in MRI variables over time for the ACLR-injured knees, with the patients stratified as those who showed an increase in KAM impulse versus those who showed a decrease. The Benjamini-Hochberg procedure was used for controlling the false discovery rates for repeated contrast comparisons, correlations, and multivariate ANOVA. 3 The false discovery rate was set at 5%, and adjusted P values \.05 (ie, q values) were considered significant. All analyses were performed with SPSS (v 23; IBM).
RESULTS
Patients
Fifty-four patients with ACLR consented to participate. Of these, 17 were excluded, owing to data not being available at all time points, and 37 were included. Age (P = .766) and sex distribution (P = .965) were not different between the 17 patients who were excluded and the 37 who were included. However, the excluded patients had higher body mass index (mean difference = 2.8 kg/m 2 , P = .002) as compared with the included group. Of the 37 patients in the ACLR group, 27 received the semitendinosus autograft; 8, the tibialis posterior allograft; 1, the patellar tendon allograft; and 1, the semitendinosus allograft. The differences in age, body mass index, and distribution of men and women between the ACLR and control groups were not statistically significant (Table 1) .
Changes in Frontal Plane Knee Mechanics Over Time
Longitudinal changes in frontal plane gait variables are shown in Figure 2 . For the injured knee, the overall model was significant for longitudinal changes in peak KAM (P = .001) and KAM impulse (P = .026) but not for peak adduction angle (P = .845). Repeated contrasts showed that peak KAM increased significantly from baseline to 6 months (D 3.9 6 7.9 NÁm; change, 13.3%; P adj = .03) but not from 6 to 12 months (D 0.3 6 6.9 NÁm; change, 0.8%; P adj = .829). However, repeated contrasts showed that the changes in KAM impulse were not significant. For the uninjured knee, the overall model was not significant for longitudinal changes in KAM impulse (P = .206), peak adduction angle (P = .231), and peak KAM (P = .059). The changes in knee mechanics from baseline to 12 months were not significant in the control group (Figure 2 ). Table 2 has the change (D) for T 1r and T 2 relaxation time in milliseconds and percentage from baseline to 6 months and from 6 to 12 months for both knees of patients in the ACLR group. Figure 3 shows the T 1r and T 2 parameters for the control group at baseline and 12 months. For the injured knee, there were significant longitudinal changes in T 1r for the global MF (P \ .001) as well as the anterior portion of the central MF (cMFa) (P \ .001), the central portion (cMFc) (P \ .001), and the posterior portion (cMFp) (P \ .001). Similarly, there were significant changes in T 2 for global MF (P \ .001), cMFa (P \ .001), cMFc (P \ .001), and cMFp (P \ .001). Contrasts showed that all these parameters increased from baseline to 6 months ( Table 2) . For the tibia, the overall F test was significant for longitudinal changes in T 1r for global MT (P = .019) and cMT (P = .037). However, repeated contrasts showed that these differences were not significant. Similarly, in terms of T 2 , although the overall F test was significant for longitudinal changes in the global MT (P = .006), anterior MT (aMT) (P = .043), central MT (cMT) (P = .009), and posterior MT (pMT) (P = .028), repeated contrasts showed that none of these differences were significant.
Changes in MR Relaxation Times Over Time
For the uninjured knee, there were significant longitudinal changes in T 1r for global MF (P \ .001), cMFa (P \ .001), and cMFp (P = .002). Contrasts showed that all these parameters increased from baseline to 6 months but not from 6 to 12 months (Table 2) . Similarly, there were significant longitudinal changes in T 2 for global MF (P \ .001), cMFa (P \ .001), cMFc (P = .005), and cMFp (P \ .001). Contrasts showed that all these parameters increased from baseline to 6 months. Additionally, T 2 for cMFc decreased from 6 to 12 months. For the tibia, there were significant longitudinal changes in T 1r for global MT (P \ .001), cMT (P = .004), and pMT (P \ .001). Contrasts showed that the global MT, cMT, and pMT T 1r increased from baseline to 6 months and decreased from 6 to 12 months. There were significant longitudinal changes in T 2 for global MT (P = .003), cMT (P = .029), and pMT (P = .002) in the uninjured knee. Contrasts showed that the global MT, cMT, and pMT T 2 increased from baseline to 6 months and pMT T 2 decreased from 6 to 12 months.
Longitudinal changes in T 1r and T 2 from baseline to 12 months were not significant in the control group (Figure 3) . Table 3 shows the results from the correlation analyses. None of the associations were significant. From baseline to 6 months, when the patients were stratified into those with an increase in KAM impulse (D KAM impulse = 3.4 6 2.6 NÁm 3 s) versus a decrease (D KAM impulse = -2.1 6 1.8 NÁm 3 s) (Table 4 ), the patients who showed an increase in KAM impulse also had a significant increase in global MF T 1r (P adj = .037), cMFc T 1r (P adj = .032), cMFp T 1r (P adj = .037), global MF T 2 (P adj = .037), cMFc T 2 (P adj = .032), and cMFp T 2 (P adj = .037). From 6 to 12 months, when the patients were stratified into those with an increase in KAM impulse (D KAM impulse = 3.3 6 2.2 NÁm 3 s) versus a decrease (D KAM impulse = -2.7 6 2.2 NÁm 3 s) from 6 to 12 months, the changes in MRI relaxation time parameters were not significant (Table 4) .
Associations of Frontal Plane Knee Mechanics With Cartilage MR Relaxation Times for the ACLR-Injured Knees
DISCUSSION
The objective of this study was to evaluate the association of frontal plane gait mechanics and medial knee MR relaxation times from baseline to 6 to 12 months after ACLR surgery. The results support our first hypothesis, with significant increases in medial knee MR relaxation times in the injured knees of the ACLR group over time, mostly from baseline to 6 months. An increase in the MR relaxation times is suggestive of worsening cartilage composition (decrease in proteoglycan or increase in collagen disruption). The results partially support the second hypothesis, since we observed increases in medial femoral MR relaxation times in patients with an increase in frontal plane medial loading (KAM impulse) in the injured knee from baseline to 6 months. From 6 to 12 months, we observed trends for decreases in medial tibiofemoral MR relaxation times in patients with increase in KAM impulse, but these observations were not significant. These findings highlight the complex relationship between knee loading in the frontal plane and medial knee cartilage composition in the early postoperative phase after an ACLR.
We observed significant increases (approximately 13%) in the peak KAM in the injured knee of the ACLR group from baseline to 6 months but not from 6 to 12 months. This is also reflected in the fact that a larger proportion of the ACLR group (62% vs 51%) showed an increase in the frontal plane loading from baseline to 6 months versus 6 to 12 months. Very few longitudinal studies have evaluated changes in frontal plane walking mechanics over the early period after ACLR. A recent study by Wellsandt et al 40 reported KAM, KAM impulse, and medial knee contact force data at baseline (presurgery), 6 months, and 12 months for 22 patients with ACLR as they walked at their self-selected walking speeds. They reported the data with the patients stratified into those who did and did not develop radiographic osteoarthritis 5-years after surgery. However, on averaging the data from the nonosteoarthritis and osteoarthritis groups, the authors observed a 28% increase in normalized peak KAM from baseline to 6 months and a 35% increase in the normalized KAM impulse over the same period. From 6 to 12 months, they reported a 5% decrease in peak KAM and a 14% decrease in KAM impulse. They did not report whether the changes over time were statistically significant for their cohort. We also observed approximately a 13% increase in the KAM impulse and peak KAM from baseline to 6 months and a 7% to 9% decrease from 6 to 12 months in the uninjured knees of the ACLR group. However, only the increase in peak KAM from baseline to 6 months was statistically significant.
From presurgery (baseline) to 6 months after surgery, there was an increase in the medial femur T 1r and T 2 relaxation times and in the medial tibia T 2 relaxation times for the injured knee in the ACLR group. Relatively less frequent changes were observed from 6 to 12 months, and none of these were significant. Hence, cartilage degeneration process may be slower after 6 months but may still continue in the ACLR-injured knee. Other studies have reported increases in medial knee T 1r and T 2 relaxation times from baseline to 1 to 3 years in individuals with ACLR. 18, 34, 37 A recent large study of 111 patients with ACLR versus 20 controls reported a high prevalence of MRI-detected osteoarthritis features in the ACLR group 1 year after surgery. 9 Our results support the findings from these earlier studies suggesting that cartilage degeneration is evident in the early postoperative phase after ACLR. These findings support the evaluation of cartilage status at least at 6 months after ACLR 29 and a potential need for an early clinical intervention based on the significant worsening of cartilage composition within 6 months after the surgery. We also observed significant increases in T 1r and T 2 relaxation times for the uninjured knee in the ACLR group from baseline to 6 months. From 6 to 12 months, the MR relaxation times for the uninjured knee decreased overall, whereas for the injured knee, they tended to increase or not change. This suggests that the initial increase in MR relaxation times for the uninjured knee may be transient, with the cartilage composition recovering over the longer term. 29 Although not assessed in this study, these changes in MR relaxation times for the uninjured knee may be partially related to the changes in gait mechanics, which also tended to increase from baseline to 6 months and decrease from 6 to 12 months. However, these changes may also be related to the systemic and local inflammatory environment. A recent systematic review reported that 5% of uninjured contralateral knees in people with ACL injuries have knee osteoarthritis.
1 Further work is needed to evaluate the clinical significance of and mechanisms underlying these early changes in the cartilage composition for the uninjured knee.
Our pilot work in a different cohort showed that individuals with high KAM had higher medial knee MR relaxation times when compared with those with low KAM approximately 1.5 years after ACLR. 16 On the basis of those findings, we had speculated that longitudinal changes in KAM may have a negative effect on medial knee MR relaxation times. The results from the current study partially support our speculation. Although the positive associations between the increase in KAM impulse and the increase in medial knee MR relaxation times from baseline to 6 months in the ACLR group were not significant, we observed increases in medial femoral MR relaxation times in patients with increases in frontal plane loading from baseline to 6 months versus those who showed a decrease in loading. Hence, these results indicate that, over the very early postoperative period, strategies to target reduction in frontal plane loading could be investigated in an attempt to slow the immediate changes in medial knee compartment cartilage composition. However, from these analyses, it is not clear if the period of reduced loading before ACLR may also be related to the observed increases in MR relaxation times. Interestingly, we observed that the patients who showed an increase in KAM impulse from 6 to 12 months had a decrease in medial MR relaxation times over the same period. However, these differences were not significant. The study by Wellsandt et al 40 reported that people who developed radiographic knee osteoarthritis 5 years after ACLR walked with lower KAM impulse and lower medial knee contact force in the early postoperative period. Therefore, the role of reduced knee loading after the initial injury in early cartilage degeneration warrants further investigation. As evident in Figure 2 , the ACLR group in our cohort achieved symmetrical loading patterns over time. Gardinier et al 10 reported no overall differences in asymmetry in medial knee contact force during walking 6 months after ACLR. The difference of 0.6°in peak adduction angle at 12 months between the injured and uninjured knees is likely not meaningful clinically. Further work is needed to evaluate the longitudinal changes in symmetry and their relationships with early postoperative cartilage changes in people with ACLR. In our study, the changes in frontal plane gait mechanics over time were not significant in the control group as expected. Injured knees had lower frontal loading when compared with the uninjured knees and controls at baseline, but the differences were not significant. The lack of significance may be related to the fact that we controlled the walking speed for all of our patients. We also did not observe significant differences in frontal plane gait mechanics between the ACLR-injured knees versus the uninjured knees or controls at 6 or 12 months. These finding are in line with a recent metaanalysis 12 that reviewed previous conflicting studies. 4, 11, 32, 42 The limitations of this work include the fact that the ACLR group was not homogeneous in terms of the surgical technique. Our study was not powered to investigate the differences among graft choices. Similarly, we did not exclude patients if they needed a meniscectomy or had cartilage lesions at baseline. People with ACLR who also undergo a meniscectomy are at an even greater risk of knee osteoarthritis. 23 It is possible that our results may be affected by inclusion of these individuals. To assess this, we repeated our primary analyses excluding the patients with medial meniscectomy (n = 2) or medial cartilage repair (none).
Our primary findings were unchanged, with an increase in KAM (P = .007), medial T 1r (P \ .0001), and T 2 (P .020) from baseline to 6 months. Patients with an increase in KAM impulse showed a greater increase in medial MR relaxation times (P .007) when compared with those who did not from baseline to 6 months. Also, we included a follow-up of only 12 months after ACLR. Future work should include longer follow-up to see if the trends observed in our study continue over longer periods. However, because interventions are most likely to be effective in the early period after ACLR, our findings provide valuable information regarding previous speculations about the role of gait mechanics in early PTOA after ACLR. Despite the extensive cross-calibration and validation between the 2 scanners used in this study, the change in scanners could still be a source of variability.
CONCLUSION
PTOA after ACLR is likely multifactorial, with mechanics playing a role but with other factors also being involved, including bone shape, 29 concomitant cartilage and meniscus injuries, graft choice, trauma during injury/surgery, and inflammation. 38, 39 From the results of the current study, we conclude that medial tibiofemoral T 1r and T 2 relaxation times increase from presurgery to 6 months postsurgery in both knees of the ACLR group. From 6 to 12 months after surgery, the medial tibiofemoral MR relaxation times remain unchanged for the injured knee but decrease for the uninjured knee. Over the first 6 months, the increase in medial MR relaxation times may be associated with a concomitant increase in medial knee loading for the injured knee. The associations of changes in frontal plane loading 6 months after ACLR with medial tibiofemoral cartilage degeneration require further investigations.
